When a drop of water is placed on a rough surface, there are two possible extreme regimes of wetting: the one called Cassie-Baxter (CB) with air pockets trapped underneath the droplet and the one characterized by the homogeneous wetting of the surface, called the Wenzel (W) state. A way to investigate the transition between these two states is by means of evaporation experiments, in which the droplet starts in a CB state and, as its volume decreases, penetrates the surface's grooves, reaching a W state. Here we present a theoretical model based on the global interfacial energies for CB and W states that allows us to predict the thermodynamic wetting state of the droplet for a given volume and surface texture. We first analyze the influence of the surface geometric parameters on the droplet's final wetting state with constant volume, and show that it depends strongly on the surface texture. We then vary the volume of the droplet keeping fixed the geometric surface parameters to mimic evaporation and show that the drop experiences a transition from the CB to the W state when its volume reduces, as observed in experiments. To investigate the dependency of the wetting state on the initial state of the droplet, we implement a cellular Potts model in three dimensions. Simulations show a * To whom correspondence should be addressed 
very good agreement with theory when the initial state is W, but it disagrees when the droplet is initialized in a CB state, in accordance with previous observations which show that the CB state is metastable in many cases. Both simulations and theoretical model can be modified to study other types of surface.
Introduction
When characterizing a superhydrophobic surface, two criteria are important: the contact angle of a drop of liquid deposited on it should be large (typically > 150 • ) and the hysteresis effect should be small, to ensure the drop's mobility. One way to develop surfaces with these two properties is to texturize them with micro(nano)-patterns; with properly chosen texturing, hydrophobic surfaces can became superhydrophobic. 1 In many experiments in which a droplet is placed on such a substrate, it is generally found in one of two states: the Cassie-Baxter state (CB), 2 where it is suspended and does not come into contact with the surface's bottom, trapping air inside the surface grooves, and the Wenzel state (W), 3 characterized by the homogeneous wetting of the surface.
Transition between these two states has been observed in experiments when the droplet evaporates, [4] [5] [6] [7] beginning in the CB state, penetrating the surface's grooves and reaching a W state as its volume decreases. Both extreme wetting states have interesting applications, as for example the W state is important for inkjet printing 8 and coating while the CB state is desirable for self-cleaning purposes, 9 anti-freezing 10 and production of selective condensation surfaces. 11 Many experimental works, 1, [4] [5] [6] [7] [12] [13] [14] [15] [16] theoretical models and simulations [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] have been proposed to improve understanding of the ingredients necessary to produce superhydrophobic textured surfaces. Recently, attention has been given to the design of surfaces which minimize the contact time of an impacting droplet, in order to improve the surface's anti-icing and self-cleaning properties. 31, 32 Experiments have been performed to understand and control the evaporation dynamics of water droplets, 4, 16 as well as the condensation of water on superhydrophobic surfaces. 5, 33 Less attention has been given to simulations in three dimensions in which lattice Boltzmann 34, 35 methods are feasible but molecular dynamics simulations (MD) are costly. Several theoretical and simu-lation approaches use 2D, 28, 29, 36 or quasi-2D, 27 systems to simplify the calculations or speed up simulations. For some situations, these approaches provide results in good agreement with experimental observations; however, the use of a 2D model of a three dimensional system can mask important aspects of the real system. For example, in 2D systems, the wetting of grooves consists of independent events, whereas in three dimensions the grooves are connected and wetting is facilitated when compared to the 2D case.
In this work, we develop a theoretical continuous model that takes into account all the interfacial energies associated to the CB and W states of a water droplet deposited on microtextured surfaces. By minimizing energies associated with W and CB states, subject to the pinning of the contact line, the wetting state that globally minimizes the energy is obtained. This simple thermodynamic approach does not take into account the fact that the final state of the droplet depends on its initial condition 14, 23 as observed experimentally. To address this issue we implement Monte Carlo (MC) cellular Potts model simulations 37, 38 of a droplet in three dimensions for comparison.
We first apply this model for a fixed volume of the droplet and find a transition between the CB and the W state when the surface's geometrical parameters change. We then keep the microstructured surface fixed and vary the initial volume of the droplet to mimic an evaporation experiment, finding a transition from the CB to the W state as the droplet's volume decreases.
The continuous model
In this section we develop a model that takes into account all the energies related to the presence of interfaces when a droplet is placed on a pillared surface. To decide which wetting state (W or CB) is favorable from the thermodynamic point of view, we perform global energy minimization. Similar ideas were used in previous works to explain equilibrium properties and establish a criterion for a liquid film to propagate on a solid, 14 to determine the transition state in the specific case of each surface 6, 23, 35 and to explore the phase diagram of a two-dimensional surface with varying geometrical parameters. 25 Here we consider a three dimensional droplet on a microtextured surface Figure 1 : Definition of the geometric parameters. On the left: parameters that describe the textured surface; interpillar distance, pillar width and pillar height are represented by a, w and h, respectively. On the right: geometric parameters of the droplet. We consider that the droplet assumes the shape of a spherical cap with radius R, base radius B, height H and contact angle θ C .
as the one shown in Figure 1 . The total energy of each state is given by the sum of all energies involved in creating interfaces between the droplet and the surface on which it is placed. The difference in energy of the system with and without the droplet on the surface can be written as
where the superscript s represents the state (s=W or s=CB), E g is the gravitational energy and ∆E int is the difference in the interfacial energy between every pair formed from liquid, solid, and gas after the droplet is placed on the surface in state s and the energy of the surface without the droplet. The energy terms in eq ?? for the different wetting states are given by:
where ρ is the density of water, g is the acceleration of gravity, d = w + a, and σ SL , σ SG , σ GL are the interfacial tensions for the liquid-solid, solid-gas, and liquid-gas interfaces, respectively. The total number of pillars underneath the droplet is
is the base radius. The surface area of the spherical cap in contact with air is given by S s CAP = 2πR s2 [1−cos(θ s C )]. We emphasize that the gravitational energy E g is much smaller than the interfacial energies. Actually, when the droplet is on the surface, it is negligible in the cases under study; it is only explicitly presented for completeness and because in the simulation it is important when the droplet is not in contact with the surface.
Energy minimization
We now use this model to address the following question: when a droplet with a fixed volume V 0 is placed on a surface as the one shown in Figure 1 , what should be its final wetting state, W or CB?
Note that, for a surface with a given geometry, the parameters h, a and w are fixed and its chemical properties define the interfacial tensions. Therefore, given these values, the energies only depend on the droplet radius R s and contact angle θ s C . For a given droplet volume, the thermodynamically stable wetting state is the one with the lowest energy.
For each surface and initial volume V 0 , we first compute the energy that the droplet would have in the CB state. To do so, we minimize ∆E CB in respect to R CB and θ CB C . The procedure is the following: we consider an initial volume V 0 and then vary the contact angle θ CB C ∈ (0, π]. For each contact angle θ CB C and volume V 0 , we compute the droplet radius R CB and the energy difference ∆E CB associated with these parameters using eqs (2), (4) and (5) . To decide which is the minimum energy for the CB state ∆E CB min , we also impose the constraint that the contact line of the droplet has to be pinned to the pillars. 25 it is defined, all geometric parameters of the droplet (contact angle θ C , radius R, base radius B, spherical cap height H) are determined and can be compared with those obtained from numerical simulations.
Simulations: The Cellular Potts model
Many different approaches have been considered in the simulation of water droplets on a hydrophobic surface, such as molecular dynamics (MD), 23, 25, 27, 39 lattice Boltzmann methods, 34, 35 and the finite-element method for the solution of the Navier-Stokes equations. 40 Recently, Monte Carlo (MC) simulations of the cellular Potts model (CPM) 37, 38 have been used to model droplets on superhydrophobic surfaces. 28, 29, 36 The advantage of MC simulations is that, since atoms are not explicitly simulated as opposed to MD simulations, it is a more consistent framework to treat mesoscopic systems by allowing a coarse-grained approach. This regime is more appropriate for comparison with experimental results. In this spirit, Ising and Potts models have been used to simulate complex systems ranging from the simulation of biological cells 37 to the complex behavior of leaky faucets, 41 among many other applications such as capillary evaporation, 42 study of growth regimes of two-dimensional coarsening foams 43 and solution of advection-diffusion equations. 44 We follow a previous 2D cellular Potts model 28, 29, 36 and we further extend it by considering its 3D counterpart to model consequences of characteristics not present in 2D systems, such as groove connectivity. With this in mind, extrapolation of results in simulations done in 2D to systems in 3D is not straightforward and should be made with care. For example, in 2D, a transition from a CB state to a W one requires the wetting of independent grooves beneath the droplet, a situation that can be compared to the wetting of nanoporous alumina in which the pores are independent from one another. 12, 45 In 3D patterned structures, once a groove has become wet, the liquid can propagate to other grooves; therefore, simulations in 2D can lead one to believe that energy barriers are greater than they really are. We model our system by a three state cellular Potts model on a simple cubic lattice in which each state represents one of the components: liquid, gas and solid. This simple approach presents the basic features necessary to describe the physical situation, i.e., the existence of interfaces between gas/liquid/solid in the presence of the gravitational field. The Hamiltonian used is
Here, the spins s i ∈ {0, 1, 2} represent gas, liquid and solid states, respectively. The first summation ranges over pairs of neighbors which comprise the 3D Moore neighborhood in the simple cubic lattice (26 sites, excluding the central one); E s i ,s j are the interaction energies of s i and s j of different states at interfaces and δ s i ,s j is the Kronecker delta. V T stands for the target volume of the droplet and λ mimics its compressibility; the second summation represents the total liquid volume, the total number of sites i for which s i = 1. The last term is the gravitational energy, where g = 10 m/s 2 is the acceleration of gravity. In both the volumetric and gravitational terms, only sites with liquid, s i = 1, contribute.
The parameters for our Hamiltonian, eq ??, were based on those used in experiments with water on a Polydimethylsiloxane (PDMS) surface 6 (surface tension of water σ GL = 70 mN/m and σ SG = 25 mN/m, for the PDMS surface). In our numerical simulations, these values are divided by the number of neighboring sites that contribute to the first summation in eq ??, that is, 26 neighboring sites. Our length scale is such that one lattice spacing corresponds to 1 µm. This implies that the interaction energies E s i ,s j = σ i j A, with A = 1µm 2 being the unit area, are given by E 0,1 = 2.70 × 10 −9 µJ, E 0,2 = 0.96 × 10 −9 µJ and E 1,2 = 1.93 × 10 −9 µJ. The third value is obtained from Young's relation σ GL cos(θ ) = σ SG − σ SL , where θ = 111 • is the contact angle on a smooth surface. The mass existent in a unit cube is m = 10 −15 kg and we fix λ = 10 −9 µJ/(µm) 6 .
The standard Metropolis algorithm is used to accept trial spin flips. We keep a list of sites located at the droplet's frontier, i.e., at the liquid-gas or liquid-solid interfaces, since those sites Here, the height of the pillars and interpillar distance are given by h = 10 µm and a = 6 µm, respectively. The pillar width is fixed throughout the paper at w = 5 µm.
are the only ones that contribute to energy variations. 46 For the dynamics, one site at the interface, either liquid or gas, is chosen at random and a change in state between liquid and gas is accepted with probability min{1, exp(−β ∆H)}, where β = 1/T is the inverse of the effective temperature of the CPM, 38 which acts as a noise to allow the phase space to be explored. A value of T = 13 is used throughout the paper because it allows the system to fluctuate with an acceptance rate of, The system is initialized in either one of the CB or W states as is exemplified in Figure 2 . In the former, the droplet is placed slightly above the surface and allowed to relax under the influence of gravity. In this case, the gravitational energy is important until the droplet reaches the surface.
The latter state is created using a hemisphere with the same initial volume V 0 of the CB state, i.e., V 0 ≈ V T = 4/3 πR 3 0 , due to the discreteness of the lattice. The value of λ is chosen such that the energy fluctuations due to volume variations around V T are smaller than energy changes due to spin flips at the interface. In simulations with λ = 10 −9 µJ/(µm) 6 , fluctuations of less than 1% in volume are observed. Moreover, with our choice of parameters, it is observed that volume changes are only pronounced in the early stages of simulations and stabilize after, typically, 5 × 10 4 MCS.
In the simulations, two basic quantities are measured: base radius and droplet height, B and H, respectively, as shown in Figure 1 . These quantities are used to calculate the contact angle θ C , the number of pillars below the droplet and the drop radius R. It is assumed in the calculation that the droplet is a spherical cap and numerical results corroborate this assumption.
Results and discussion
In this section, we compare theoretical predictions of our continuous model with MC simulations for two distinct kinds of experiments. In the first part of this section, we study the wetting state Before applying the Potts model to simulate the droplet on a patterned surface, we verify its prediction for a flat surface. Using the parameters presented in the previous section, a contact angle of θ C ≈ 114 • is obtained in our simulation, which is in good agreement with the experimental observation 6 of (113 ± 7) • and very close to the value obtained from Young's relation, θ = 111 • .
Droplet with fixed target volume on surfaces with different textures.
In Figure 3 is the CB one. This means that, when the initial state is W and the thermodynamic state is CB, the droplet is able to change its state (during a simulation run, all samples reach the predicted state).
On the other hand, the converse is not true; when the theoretically predicted thermodynamically stable state is W and the droplet is initialized in the CB state, the droplet is generally not able to overcome the barrier between the states and becomes trapped in the metastable CB state, unless the pillar height is low enough.
In Figure 4 we compare cross sections of final droplet configurations for different surfaces This observation of metastability is in agreement with the observation made in experiments 4, 14 and (almost) 2D systems simulated by means of molecular dynamics of nanodroplets 25, 27 and are consistent with the existence of a high energy barrier between the thermodynamical states. As h gets higher, it becomes increasingly more difficult for the system to go from the CB state to the W state. Advanced computer techniques have been used to calculate the free energy barrier between W and CB states in a quasi-2D nanodroplet, 30 which tend to be in the range from 2 to approximately 50 k B T . A similar effect of coexistence of wetting states depending on the droplet's history has been described experimentally: when the droplet's temperature is increased and the system jumps from W to CB, the system becomes trapped in the metastable CB even after the temperature is decreased back to its initial value. 49 In this spirit, our system can be interpreted as being subjected to fluctuations (controlled by the effective temperature parameter) due to an outside source of energy, which permits transitions from the W to the CB state.
Droplet with varying initial volume
To take into account the role of evaporation on the droplet's final state, we note that E W , E CB are modified when the droplet's volume is reduced, since the terms N s and S s CAP in eqs (2) to (6) depend on the droplet radius R. During the process, the minimum energy state changes from one wetting state to the other. In the legend, the volume is expressed in terms of its corresponding radius R 0 (in µm). Note that, for increasing radius, the size of region where the CB state is stable increases. The transition lines are computed at most up to a = R and h = R, to keep the texture of the surface comparable to the size of the droplet.
droplet, the bigger is the region the where the CB state is predicted to be the thermodynamically stable one. This observation is in agreement with experiments where the droplet changes its state from the CB to the W during its evaporation process. 6 Figure 7 shows the contact angle θ C and the basis radius B as a function of the droplet's initial radius R 0 for two different values of the triplet (w, a, h). The lines are theoretical predictions and the symbols are the results of simulations (initial state W in (a) and (c); CB in (b) and (d)). We note that the stick-slip behavior of θ C and B is due to the fact that the energy is minimized subject to the constraint that the contact line is pinned. A similar behavior has been described, 16 in which the authors study experimentally the evaporation of a droplet of water on highly hydrophobic surfaces for different temperatures and find that the droplets start evaporating in a constant contact radius mode but then switch to a more complex mode characterized by a series of stick-slip events. These events are also observed in MD simulations 27 and in the condensation of water on a superhydrophobic surface. 33 
Conclusions
In this work we developed a simple model to understand the wetting state of a three-dimensional droplet when placed on a microtextured surface based on the analysis of the total interfacial energies associated with the two extreme wetting states, W and CB. We first apply this idea to study the dependency of the final state of a droplet with a fixed volume on the different textured surfaces and then analyze how the state of the droplet changes when its volume reduces, mimicking evaporation. Because this thermodynamic approach does not take into account any aspect of the dynamics, we implement Monte Carlo simulations of a Potts model in three-dimensions. Previously available computer simulations are either 2D or focus on nanodroplets, 23 with tens of thousands of particles, far from the full atomistic view of the physical situation and allowing only a few grooves to be located below the droplet. The usual solution to this issue is to provide a formulation, in which a scaling of both the droplet and the underlying surface is performed at the same time, 25, 27 thus rendering the analysis independent of droplet size, as a justification for the use of nanoscale molecular dynamics simulations to explain phenomena at the microscopic scale. However, this scaling approach masks the effect of system volume changes throughout simulations and does not capture some transitions from the W to the CB state, resulting in an incomplete framework to understand the effect of volume changes in evaporation experiments. The simulations presented here allow one to have a better understanding of the role of the initial conditions on the final state of the droplet, to capture the droplet size dependent transition from the CB to the W state and to grasp some insight about the energy barriers between states.
The global thermodynamic approach has some limitations as has been observed in experiments with water condensing in superhydrophobic surfaces, which is due to the fact that the CassieWenzel transition is a multiscale phenomenon governed by micro-and nanoscale effects. 5, 33 Nevertheless, this approach yields results in agreement with experiment in many aspects, 6, 7 such as the value of the contact angle, which can be determined by macroscale equations. When the droplet has a fixed volume, the theoretical model captures a dependency of the wetting state on the geometric parameters of the surface, showing that the CB state is thermodynamically stable for small interpillar distance and large pillar height, which is in qualitative agreement with previous findings. 25, 48 When compared to experiments where the droplet evaporates, the approach describes qualitatively the dependency of the wetting state on the initial volume of the droplet: for bigger droplets, the region where CB is stable increases, as seen in Figure 6 , which agrees with experiments where the droplet evaporates and changes from CB to W state below a given volume. 5, 6 Moreover, Figure 7 shows that quantities usually accessible experimentally like θ C and B are well described by the theoretical model when compared to the simulations initialized in the W state. Another interesting aspect is that both theory and simulations capture the stick-slip behavior observed experimentally. 16, 33 Finally, we note that the MC simulations in three dimensions show a strong dependency on the initial conditions: if the initial state of the droplet is W, the agreement between theory and simulations is in general very good. When it starts at the CB state, the agreement only happens for very small pillar height, when the energy barrier is small. These findings confirm the metastability already observed in experiments 4, 14 and in 2D simulations, 25, 27 as discussed in the previous section.
Both theoretical and simulational models can be modified to include other surfaces and to take into account different effects. Examples include: (i) the role of reentrant surfaces; (ii) the introduction of asperities at the nanoscale on top of the pillars in the micro scale considered here (experimentally predicted to create extreme hydrophobicity 50 ); (iii) the role of ordered/disordered pillar distribution on the final wetting state.
